Introduction
The spin Hamiltonian (SH) parameters, including the zero-field splitting (ZFS) and the Zeeman electronic (Ze) parameters [1, 2] , have recently been modeled for Fe 2+ ions in FeX 2 · 4H 2 O (X = F, Cl, Br, I) crystals, which exhibit similar crystal structure -see [3] for references. High-magnetic field and high-frequency EMR (HMF-EMR) techniques (for references, see, e.g. [4] [5] [6] ) provide nowadays more reliable experimental ZFS and Ze parameter sets for 3d 4 and 3d 6 (S = 2) ions, e.g. Fe 2+ , Mn 3+ , and Cr 2+ , which usually exhibit large and very large ZFS [3, 7] . Similar modeling, using the package MSH/VBA [8, 9] based on the microscopic spin Hamiltonian (MSH) approach, has recently been undertaken for [Fe(H 2 O) 6 ](NH 4 ) 2 (SO4) 2 (FASH) [10] [11] [12] . The microscopic SH (MSH) approach incorporates MSH expressions for the ZFS and Ze parameters up to fourth-order perturbation theory suitable for of 3d 4 and 3d 6 ions with spin S = 2 at orthorhombic and tetragonal symmetry sites in crystals, which exhibit an orbital singlet ground state arising from the ground 5 D multiplet [8, 9] . The aim of this paper is to provide a comparative analysis of experimental and theoretical ZFS and Ze parameters for Fe 2+ ions in FeCl 2 ·4H 2 O [3] and FASH. Pertinent theoretical background and references on the crystalfield (CF) Hamiltonian, H CF and H SH = H Ze + H ZF S , * corresponding author; e-mail: Magdalena.Zajac@zut.edu.pl which underlie this study, may be found in [3] . We note only that for both Hamiltonians we utilize the extended Stevens operators (ESO) O q k [13, 14] . The available data on the ground state and excited orbital states with the respective energy levels determined or adopted for Fe 2+ (S = 2) ions in FASH together with the spin-orbit coupling (SOC) constants: λ c (in crystal), λ 0 (free ion), and the orbital reduction (or covalency) factor defined as: λ c = kλ 0 are surveyed to obtain input for MSH/VBA calculations. Experimental values of the ZFS parameters and energies determined for Fe 2+ ions in FASH [10] [11] [12] [17] is described by the monoclinic space groups P 2 1 /c (C 5 2h ) and P 2 1 /a, respectively, each with two molecules in the unit cell. The unit cell is described by the lattice constants for FeCl 2 · 4H 2 O: a = 0.5885 nm, b = 0.7180 nm, c = 0.8514 nm, β = 111.09
• , α = γ = 90
• , whereas for FASH: a = 0.932(2) nm, b = 1.265(2) nm, c = 0.624(1) nm, β = 106.8 (1) • , α = γ = 90
• . The ionic positions of ligands around the Fe-site in the unit cell of FeCl 2 ·4H 2 O [16] and FASH [17] indicate that the FeO 6 complex in each system represents the distorted octahedral sixfold coordination (see Fig. 1 ). Comparison of the structure shows that both crystals are monoclinic, however, the distances between ligands are greater for FASH, while the degree of distortions is different as evidenced by the angles: β = 106.8 (1) • (FASH), β = 111.09 For the standardization calculations we utilize the package CST [24, 25] , which is suitable for conversions, standardization, and transformations of ZFSPs (as well as the CF/LF parameters). The ZFSP values for Fe 2+ in FASH were determined by HMF-EMR [12] as (in cm −1 ): |b 0 2 | = 14.94(2) and |b 2 2 | = 11.335. Only scant spectroscopic data are available for FeF 2 · 4H 2 O [3, 26] , which provided determination of the first few optical transitions. More relevant data exist for FASH obtained from the Mössbauer and IR spectroscopy, e.g. [10, 11, 27] , as summarized in [15] . For illustration the energy levels scheme suitable for the Fe 2+ ions in FASH [15] is shown in Fig. 2 .
Using the available spectroscopic data, MSH analysis of the ZFS and Ze parameters is carried out in Sect. 3.
MSH modeling of the SH parameters:
FeCl 2 · 4H 2 O vs. FASH As in Ref. [15] , MSH modeling is carried out using the MSH/VBA program [8, 9] for the orthorhombic case #1 (αOI1) [28] and various sets of the microscopic input parameters: the spin-orbit (λ) and spin-spin (ρ) coupling constants, the crystal-field (ligand-field) energy levels (∆ i ) within the 5 D multiplet (see Fig. 2 Table I ). The respective standardization transformations Sx, x = 2 to 6 are defined in [8, [21] [22] [23] , whereas S1 denotes the already standard sets.
Likewise, in the graphs of the variations of the ZFSPs versus a given microscopic parameter, the standardization transitions are manifested by apparently discontinuous jumps as illustrated in Figs. 3 and 4 for FeCl 2 · 4H 2 O and FASH, respectively. In general, more than one such transition may appear at specific values of a given variable quantity, e.g. λ(SOC), within the range considered. The "apparent jumps" in ZFSP values at the border points are indicated approximately by vertical lines (see Figs. 3 and 4) . To enable visual matching the theoreti- cal and experimental ZFSPs and facilitate determination of suitable values of λ, ρ, and ∆ i for a given system, the experimental 2nd-rank ZFSPs are represented by the horizontal lines in Figs. 3 and 4 . Finally, we consider the role of various contributions to the total ZFSPs using as an example b The results are listed in Tables III and IV . Hence, role of the ρ (spin-spin)-related contributions, as well as that of the fourth-rank ZFSPs, considered for the first time for FeCl 2 ·4H 2 O in [3] and for FASH here, is found important. Detailed analysis of the influence of the higher-rank ZFSPs to the energy shift will be provided in [15] . 
